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Aalborg University, Aalborg, Denmark 
Abstract
The increased grid penetration levels of renewable sources are at the expense of the conventional power plants. This 
means that the grid support functions, traditionally achieved by the conventional power plants, need to be provided by 
new technologies. Since grid support with energy storage devices is becoming more attractive, the aim of this paper is 
to analyse the viability of providing primary frequency regulation with Lithium-ion based energy storage systems. 
Three control strategies of the energy storage system are analysed and compared in terms of economic benefits on 
the Danish energy market. The revenues and degradation of the Lithium-ion batteries are obtained by simulations. Fur-
thermore, an energy management strategy based on variable state-of-charge (SOC) set-point is evaluated. Preliminary, 
the influence of different state-of-charge levels on the cycle lifetime is estimated. Finally, the economic analysis is 
based on simulations performed with different bidding ratios, i.e. different SOC set-points, for primary upward and 
primary downward frequency regulation. The results showed that all three control strategies were associated with con-
siderable economic benefits even though different degradation levels of the Lithium-ion batteries were observed. Fur-
thermore, it was found that the economic benefits are declining by increasing the batteries' SOC set-point. 
1 Introduction
Nowadays the trends are moving towards renewable en-
ergy sources and distributed generation. This is on ex-
pense of the conventional centralized power plants, which 
share of power supply is correspondingly decreasing. The 
conventional power plants, most generally consisting of 
large synchronous generators, add a considerable amount 
of inertia and short-circuit capacity to the grids as well as 
various control options. Two technologies are playing a 
major part in substituting the conventional power plants, 
namely the photovoltaics and wind turbines. Especially 
increased penetration of the latter is going to be consider-
able in Denmark. The new energy agreement, signed in 
March 2012 by majority of the parties in the Danish par-
liament, states that 50 % of the electricity supply should 
come from wind power in 2020 [1]. This is a part of even 
more ambitious plans, the vision of non-carbon society in 
Denmark by 2050. Consequently, the characteristics of 
the power system are going through a drastic transition. 
This obviously includes new challenges regarding matters 
such as grid control and stability and power quality. The 
new challenges call for new solutions in terms of smart 
grids and grid support applications.  
Energy storage systems (ESSs) are among the solution 
that can be used for different grid support applications. A 
variety of ESSs, related to different properties, are availa-
ble for this purpose. An overview of the available ESS 
technologies is shown in Figure 1.
Batteries [2], flywheels [3], super capacitors [4] and su-
perconducting magnetic energy storage technologies [5] 
are suited for short-term grid applications. Some of the 
most general short-term applications are primary frequen-
cy regulation, renewable power output smoothing and in-
ertia emulation. Previous research has indicated that pri-
mary frequency regulation (PFR) is the most profitable 
application on the Danish energy market [6].  
The state-of-the-art batteries for short term applications 
have been reviewed in [7], where the Li-ion batteries are 
among the most promising solutions. Li-ion batteries have 
been under constant development for the last 20 years, 
where properties such as efficiency, lifetime and cost 
have been improved significantly. A specific methodolo-
gy utilised for analysis and optimisation of the size of a 
battery based energy storage system for PFR is outlined 
in [8]. However, only in the current paper, the economical 
aspect of providing PFR with Li-ion battery ESS have 
been analysed and discussed considering different control 
strategies. The research is based on revenues and detailed 
lifetime calculations, with three different energy man-
agement strategies in the scope. Additionally, one particu-
lar solution is pointed out for investigation of the influ-
ence of new procedure in the energy management of the 
ESS. The analysis is based on data obtained from the 
Danish transmission system operator (TSO) - Ener-
ginet.dk. This includes recorded frequency profile and the 
relevant market data for the electrical transmission system 
in West-Denmark through the year 2010. 
2  Li-ion battery as energy storage 
There is a wide range of energy storage technologies that 
can be used for grid support applications. Besides the 
electro-chemical solutions, electromagnetic, mechanical 
and thermal solutions are available, each related to differ-
ent operational characteristics. The classification is pre-
sented in Figure 1. 
By looking at the characteristics, each storage technology 
appears suited for different usage and requirements. In 
areas such as load shifting, grid support applications and 
power quality, the batteries take a significant part. The 
attributes of using batteries can prove to be even more 
valuable regarding the future trends in power systems, i.e. 
in relation to increased penetration of renewable sources 
and more distributed generation [7]. 
Figure 1 Classification of energy storage technologies. 
A reason to work with Li-ion batteries in context of PFR 
service is provided by their characteristics, which include 
fast response, low self-discharge and long cycle and cal-
endar life [9]. 
Li-ion batteries, based on LiFePO4/C chemistry, are the 
subject for closer examination for the considered station-
ary application. This chemistry is relevant since it fulfils 
requirements (that are specific for PFR service) regarding 
performance, safety and long calendar and cycle lifetime 
with proper thermal management [10].
3 Primary frequency regulation 
Frequency deviations in a power system are caused by 
imbalance between generation and load. The regulation is 
performed by internal- or external sources. Regulation by 
internal source is conventionally realised by prime mover 
control of synchronous generators, while the external 
sources include technologies such as ESS and diesel gen-
erators. In the European Network of Transmission System 
Operators for Electricity (ENTSO-E), the frequency regu-
lation is divided into three categories as shown in Fig-
ure 2, namely the primary, secondary and tertiary regula-
tion. The PFR is based on automatic frequency measure-
ments. The regulation must react on any deviation from 
the interval of 49.98 - 50.02 in 3 – 5 seconds. Further-
more, it is required that the units providing PFR to be ful-
ly activated within 30 seconds and PFR covers deviations 
from the reference frequency (50.00 Hz) of ±20 mHz up 
to ±200 mHz. The power, either absorbed or delivered, is 
linearly increased from zero to maximum in relation to 
the deviation of 20 – 200 mHz [11]. 
Denmark is covered by one TSO (Energinet.dk) but di-
vided into two regional groups (RG) and two synchronous 
areas of ENTSO-E. East-Denmark is a part of the RG 
Nordic and West-Denmark is a part of the RG Continental 
Europe (former UCTE). The total requirement of primary 
reserves in the RG Continental Europe grid is 
±3000 MW [12]. 
The share for Energinet.dk is yearly determined by the 
generation in West-Denmark compared to the ENTSO-E 
RG Continental Europe. In 2011, the share was ±27 MW. 
Additionally, the TSOs can import/export primary re-
serves from/to the neighbouring TSOs. This agreement 
enables Energinet.dk to deliver up to ±90 MW of primary 
reserves [11]. 
The market for the PFR in West-Denmark is based on 
service bought for intervals of 4 hours. The service is sold 
on auctions once per day for the following 24 hours. The 
service distinguishes between upward- and downward 
regulation but both services can be covered from the same 
unit at the same time [11]. 
4 Methodology
In the following section the methodology, used for the 
economic analysis of providing PFR and the lifetime es-
timation of Lithium-ion batteries, is presented. 
4.1 NPV
The net present value (NPV) expresses the worth of the 
investment to a specific project in terms of current wealth. 
The NPV can be calculated as it is shown in Equation 1.
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where CF represents the cash flow, r represents the dis-
count rate, and t represents the number of years in opera-
tion [14]. CF at year zero is considered as investments, 
and includes cost of batteries with the LiFePO4/C chemis-
try, which is estimated to be 2190 €/kWh and likewise are 
the cost of power electronics assumed to be 100 €/kW. 
Figure 2 The ENTSOE-E requirement for frequency con-
trol reserves [13]. 
Technologies
forenergy
storages
Electrochemical
Electromagnetic
Mechanical
Thermal
FlowBatteries
Batteries
Super
capacitors
SMES
Compressedair
Flywheels
Hydrogen
PumpedHydro
Vanadium
Redox
ZnBr
Polysulphide
Bromine
LeadAcid
NiCd
LiIon
NaS
Zebra
The cash flow for each year during operation of the ESS 
is based on incomes from providing services and out-
comes from electric consumption (operating the batteries) 
taken into account. The degradation of batteries is taken 
in consideration in an economic model. The discount rate 
represents the risk of the project and the inflation, and it is 
assumed in this work to be 5 %. An interval of 20 years is 
considered for the beneficial analysis. If the Li-ion batter-
ies reach its end-of-life (EOL) during the interval, the new 
investment in ESS is made. After the 20 years, the re-
maining value of the batteries is evaluated according to 
the amount of degradation and the value is added to 
the NPV. 
4.2 Lifetime calculation 
The lifetime of Li-ion batteries is an essential parameter 
in the analysis. It depends mainly on temperature, time, 
state-of-charge (SOC) and cycles. By this, two main life-
time attributes are determined - calendar life and cycle 
life [15]. In this investigation, it is assumed that the sta-
tionary ESS has an air conditioning system, which con-
trols ESS temperature at 25 °C during operation. Thus, 
the calendar life is only dependent on the time and the 
SOC level. Similarly, the cycle life depends only on the 
cycles’ depth and the SOC level. In this work the EOL 
criteria is considered as 20 % capacity fade [16],  in 
which both processes contribute - calendar and cycle age-
ing. For the simplification, it is assumed that the capacity 
degradation of the Lithium-ion ESS is linear over time.  
Figure 3 The LiFePO4/C lifetime curve [17]. 
For the LiFePO4/C-based Li-ion battery, the calendar life-
time and life cycles were obtained, by performing accel-
erated lifetime tests in the laboratory conditions. The es-
timated calendar lifetime is 18 years and the determined 
lifetime curve, based on number of cycles, is given in 
Figure 3.
Based on the SOC profile, the cycles are extracted and 
categorized by their depth of discharge (DOD) with 1 % 
resolution. Table 1 is derived from the lifetime curve pre-
sented in Figure 3, summarizing the number of cycles for 
10 % DOD intervals. The weighting factor (WF) is added 
to represent the respective cycles in equivalence to full 
DOD cycles.  
A simplified cycle lifetime estimation algorithm is used 
for the cycle counting. DOD and number of cycles are 
found by using the Rainflow Cycle Counting Algorithm as 
described in [18]. 
DOD [%] WF Cycle Life 
10 0.01622 370000 
20 0.06742 89000 
30 0.14818 40500 
40 0.23419 25600 
50 0.34227 17500 
60 0.46261 13000 
70 0.57859 10400 
80 0.69686 8600 
90 0.80645 7400 
100 1 6000 
Table 1 Weighting factor for DOD. 
5 Simulation model 
The size of the ESS is arbitrary chosen to be 10 MW with 
a capacity of 2.5 MWh. This energy level enables the sys-
tem to provide maximum power continuously for 
15 minutes according to the requirements discussed in 
Section 3. The SOC set-point is fixed at 50 % for the 
comparison of the control strategies, so the ESS is equally 
participating in the market for upward- and downward 
regulation. Additionally, it is assumed that all bids are 
won, so maximum power is available for the services 
through the test period. 
5.1 Model overview 
The simulation model is composed of four main blocks as 
shown in Figure 4. Both the instantaneous prices and the 
grid frequency are taken as the input to the model. The 
prices are gathered from the power market data for DK-
West in 2010, with one hour resolution in blocks of four 
hours [19]. The frequency input is based on recorded 
measurements in the same period with one second resolu-
tion. The control part handles the energy management 
strategy and the delivery of service based on the ESS 
SOC and the grid frequency profile. A simplified analyti-
cal model of the batteries is used, based on power and en-
ergy relationship along with the systems round trip effi-
ciency (battery + power electronics). In the last block, the 
revenues are computed from won bids and processed 
power for charging/discharging in accordance to the price 
data input. 
ESS
Control
Battery
ESS
Revenues
SOC
Prices
Frequency
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Figure 4 The scheme of the model. 
5.2 Control strategies 
In the present work, there are examined three control 
strategies, each related to a different way of energy man-
agement of the ESS. This influences the operation of the 
system, resulting in different usage and lifetime degrada-
tion of the batteries. Consequently, the revenues are influ-
enced as well. The mutual SOC limits for all three control 
strategies are 0 % and 100 %.  
5.2.1 Control Strategy I 
In the first control strategy, the control of the ESS pro-
vides the PFR service at all times requested, only with 
exception when the upper or the lower boundaries are 
reached. When the ESS reaches the limits, the PFR ser-
vice is disabled and batteries are charged/discharged to 
the SOC set-point; whereby the PFR service is resumed. 
The flowchart of this control strategy is presented in Fig-
ure 5.
Figure 5 The schematic of Control Strategy I. 
5.2.2 Control Strategy II 
In the second control strategy, shown in Figure 6, the 
service is provided in a similar way as for the previous 
one. However, the charging/discharging is enabled to 
bring the ESS to the SOC set-point at every time instant, 
when the frequency reaches the non-critical frequency 
window (see Section 3). Additionally, if the service is ap-
plied continuously for a long time interval (approximately 
15 minutes of full power rate), the ESS re-establishes the 
initial SOC when saturation is reached. 
Figure 6 The schematic of Control Strategy II. 
5.2.3 Control Strategy III 
This control strategy, presented in Figure 7, is based on 
a power summation between charging/discharging and 
requested service, where both SOC re-establishing and 
service can be applied at the same time. The service is 
provided anytime as long as the capacity level of the bat-
tery is in accordance with requested power and duration. 
When the SOC deviates from the set point, the ESS is re-
charged/discharged with a lower time constant than the 
one applied to provide the PFR. 
Figure 7 The schematic of Control Strategy III. 
6 Comparison of Control Strategies 
The simulations are run for a whole year with one second 
resolution. The main focus is on the revenues, battery ca-
pacity fade and NPV. After one year of operation, the ca-
pacity fade and revenues are extracted and computed. 
Based on this information, the NPV is estimated for an 
interval of 20 years, as described in Section 4.1. 
The comparison of results for the different control strate-
gies is shown in Table 2. Control Strategy I is associated 
with the highest revenues in the first year. It is according 
to the nature of the strategy, i.e. re-establishment of the 
SOC only when saturation limits are reached. The rest of 
the time, the SOC is only influenced by the delivery of 
PFR. The characteristics are reflected on the depth of the 
cycles, as shown in Figure 8. In the figure, the DOD is 
divided into 10 % intervals based on summation of cycles 
with 1 % resolution. The deep cycles cause higher degra-
dation of the batteries per year, so the revenues are low-
ered correspondingly in the following years. Additionally, 
the performance of this strategy can be questioned, when 
the service is requested for maximum power and the SOC 
is not stable at 50 %. In this case, it cannot be secured that 
maximum power can be delivered continuously for 
15 minutes at all times. 
A higher NPV is obtained when Control Strategy II is 
used. This strategy re-establishes the SOC after every ser-
vice delivery and in that manner reduces the number of 
deep cycles.  
The revenues (first year) are the lowest for this strategy, 
as more energy is bought for recharge than for the other 
two strategies. By applying this strategy, a further investi-
gation is necessary regarding the influence on the grid 
from the fast recharging process with high power, directly 
after the service is provided.  
Figure 8 The cycle histograms of Control strategy I, Control strategy II and Control strategy III, respectively. 
Control Strategy III gives the highest NPV and the lowest 
degradation in the analysis. The control is able to main-
tain the cycles at low DOD (see Figure 8). This strategy 
does not strictly provide full rate PFR as defined in Sec-
tion 3. This is due to the continuous recharging, which 
lowers the provided power for PFR in cases where de-
mands for service and recharging are of opposite direction 
in power flow. Thus, it can more be seen as a kind of iner-
tia emulation from the ESS. Despite that Control Strate-
gy III can be uncertain for the PFR, the performances re-
garding lifetime of the batteries indicate that in future, it 
could be a beneficial solution for other applications, such 
as grid stability support. 
Degradation 
per  year 
[%] 
Lifetime 
[years]
Revenues
for 1st year 
[k€] 
NPV 
[k€] 
Strategy I 1.47 13.6 2 849 23 409 
Strategy II 1.31 15.3 2 817 23 899 
Strategy III 1.20 16.7 2 825 24 911 
Table 2 Results and comparison of the control strategies. 
7 SOC level-based Improved
Control Strategy 
As observed in the previous test case, the PFR yields high 
benefits with all three control strategies. It has further 
been found, through analysis of the market data, that the 
average price level for PFR-upward are higher than for 
PFR-downward. So by raising the SOC idling point of the 
ESS, the revenues can potentially be increased even fur-
ther. In theory, using the whole capacity of the battery for 
PFR-upward, i.e. with SOC set-point at 100 %, would 
give the highest income. However, the drawback with this 
option of energy management is related to the nature of 
the Li-ion battery technology. The degradation of Li-ion 
batteries increases for higher level of SOC. So it is rele-
vant to investigate the influence of different SOC set-
points on the revenues, lifetime of the batteries and NPV. 
Control Strategy II is chosen for this analysis, as it is con-
sidered the most suited for the delivering of the service. 
7.1 Lifetime dependency on SOC levels 
In this work, a linear relation is assumed to exist between 
capacity fade and number of cycles for the ESS. But as 
mentioned previously, the degradation is also dependent 
on the level of SOC during operation. In order to evaluate 
the influence from changing of the SOC set-point of the  
ESS, this has to be taken into consideration. The depend-
ence of the capacity degradation of the LiFePO4/C chem-
istry on different SOC levels was not known, thus this re-
lation was derived from [20]. In Figure 9, the SOC level 
versus the capacity factor (the rate of the capacity degra-
dation for given SOC level) is shown (blue marks). The 
numerically fitted curve (red), describes the linear tenden-
cy between the SOC and the capacity factor. With back-
ground in this particular relation an expression, including 
the new dimension of SOC, has been derived for the life-
time computation of the batteries. The expression is 
shown by Equation 2, where C is the number of cycles, 
SOCset is the variable set-point for the ESS and D is the 
capacity of the battery. D expresses the capacity in values 
between 0 and 1, where for example 0.8 is 20 % capacity 
fade. 
Figure 9 The rate of degradation vs. SOC average. 
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By using Equation 2, the coefficients are derived for each 
SOCset. The coefficients are listed in Table 3. As the life-
time curve in Figure 3 is based on cycles in operation 
with average SOC at 50 %, this particular value is used as 
index number for the coefficients. 
An interval with SOC set-points between 40 and 80 % is 
chosen for the evaluation. It is considered that the results 
from the accelerated ageing tests are linked to a larger de-
gree of inaccuracy below this range. This is due to signif-
icantly increased cycle lifetime, whereby a larger error 
occurs in the extrapolation of the measured data. Similar-
ly, above 80 %, is the degradation deemed too severe. 
SOC [%] 40 50 60 70 80 
Coefficient [-] 1.67 1.00 0.71 0.56 0.45 
Table 3 List of SOC coefficients. 
7.2 Results
The determined coefficients are applied to both the calen-
dar lifetime and the life cycle curve shown in Figure 3. 
The coefficients are applied proportionally on each cycle 
life number as an approximation of the influence of SOC 
level on lifetime of the Li-ion batteries. How this is af-
fecting the outcome is found out by a new run of simula-
tions, one at each SOC set-point, in the same manner as 
described in Section 6. The results are shown in Table 4.
The NPV is decreasing with higher SOC set-points. This 
means that the influence of lifetime degradation of the Li-
ion batteries on the NPV is higher than the increased ben-
efits obtained by increasing the SOC set-point. Obviously 
the price level of batteries is an important aspect in this 
context. So the price difference between PFR-upward and 
PFR-downward is not the major factor, under these condi-
tions, for the decision of improved SOC energy manage-
ment. This also indicates that the optimum set-point could 
possibly be found in a range lower than the one investi-
gated here. 
SOC 
[%] 
Degradation 
per year 
[%] 
Lifetime 
[years]
Revenues
for 1st year 
[k€] 
NPV 
[k€] 
40 0.79 25.5 2 626 25 071 
50 1.31 15.3 2 817 23 899 
60 1.84 10.9 3 010 22 860 
70 2.33 8.58 3 203 21 653 
80 2.91 6.87 3 395 19 016 
Table 4 Results and comparison, at different SOC-levels. 
8 Conclusion
In this paper, three different control strategies of the Li-
ion based ESS for providing PFR have been analysed and 
compared. All three strategies were linked to high eco-
nomic benefits. More accurate models of the batteries 
could have been used, but as all three strategies were ex-
posed to the exact same scenario, regarding market data 
and frequency profile, the comparison is considered valu-
able. The SOC profile of the ESS is revealed to have a 
large influence on the outcome. An example of this can be 
pointed out in Table 2. Even though Control Strategy I 
had the highest revenues in the first year, the NPV for this 
strategy was the lowest. This is due to the nature of this 
strategy, i.e. larger degradation due to more significant 
DODs. Accordingly, the determined NPV for strategy II 
and III were higher and associated with lower DOD char-
acteristics.
The average prices for PFR-upward service are generally 
higher than for the downward regulation. This means that 
higher income for the PFR service can be obtained, simp-
ly by bidding for more upward- than downward regula-
tion. This entails that the SOC set-point has to be raised 
(originally 50 %). The drawback by doing so is a lower 
lifetime of the batteries, since higher SOC intervals accel-
erate the degradation of the Li-ion batteries. Results from 
prior research were used to estimate the relation between 
cycles and cell capacity degradation at different SOC lev-
els for the batteries (LiFePO4/C). It was found that the 
benefits were not increased by higher levels of SOC, as 
suggested. Oppositely, the benefits increased by lowering 
the SOC set-point. A lower price level for batteries, as 
well as different price relation between upward and 
downward regulation, could affect these results. Hence, 
the lifetime aspect of SOC set-point management weights 
more than the increased income from revenues. 
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